Appl. Phys. B (2008) 92: 615-621 manuscript No. 

(will be inserted by the editor) 



OO ■ 

O ' Velocity-selective sublevel resonance of atoms with an array of 
^ current-carrying wires 



o 
O 

(N 



Atsushi Hatakeyama 

Department of Applied Physics, Tokyo University of Agriculture and Technology, Koganei, Tokyo 184-8588, Japan 
Fax: +81-42-388-7554, e-mail: hatakeya@cc.tuat.ac.jp, Tel: +81-42-388-7554 

The date of receipt and acceptance will be inserted by the editor 



: 

I , 



: 

1*3 1 

o ■ 

CZJ ■ 

>> 

^ : 



> 
00 

oo 

o 
q 

in 
o 
oo 
o 



Abstract Resonance transitions between the Zeeman 
sublevels of optically-polarized Rb atoms traveling through 
a spatially periodic magnetic field are investigated in a 
radio- frequency (rf) range of sub-MHz. The atomic mo- 
tion induces the resonance when the Zeeman splitting 
is equal to the frequency at which the moving atoms 
feel the magnetic field oscillating. Additional temporal 
oscillation of the spatially periodic field splits a motion- 
induced resonance peak into two by an amount of this 
oscillation frequency. At higher oscillation frequencies, it 
is more suitable to consider that the resonance is mainly 
driven by the temporal field oscillation, with its velocity- 
dependence or Doppler shift caused by the atomic mo- 
tion through the periodic field. A theoretical description 
of motion-induced resonance is also given, with emphasis 
on the translational energy change associated with the 
internal transition. 
PACS 32.30.Dx: 32.80.Xx: 42.62.Fi 



1 Introduction 

The study of the interactions of particles with periodic 
structures has a long history and has led to many ap- 
plications in various fields. The most widely- known are 
perhaps diffractions by crystals for electrons and neu- 
trons, for both of which the Nobel Prizes were awarded 
in 1937 and 1994, respectively [1,2]. Diffraction of atomic 
or molecular beams by crystals is also an important tech- 
nique in surface science [3]. Besides crystals, artificial 
periodic structures like gratings have been used as well 
for diffraction of a variety of particles from atoms [4] to 
relatively large molecules [5] and clusters [6]. Not only 
for such de Broglie wave diffraction, but periodic struc- 
tures can be used also for changing the classical trajecto- 
ries of particles; an example is a periodically magnetized 
surface used as mirrors for slow paramagnetic atoms [7- 
11]. Another application of the interactions of particles 
with periodic structures is the generation of coherent 



radiation by injecting charged particle beams into crys- 
tals [12]. Various coherent phenomena such as paramet- 
ric X-ray radiation [13] have been studied extensively for 
realizing high energy coherent radiation sources. Artifi- 
cial periodic structures have also been used for the same 
purpose, and wigglers or undulators are successfully im- 
plemented for synchrotron light sources and free electron 
lasers [14]. 

In many examples mentioned above, the internal states 
of particles are not usually changed during the inter- 
actions. However, the interactions with periodic struc- 
tures can also induce the internal transitions of inci- 
dent particles resonantly. The most extensively stud- 
ied is a phenomenon called "resonant coherent excita- 
tion" [15], where periodic perturbation experienced by 
an ion traversing inside a crystal induces an internal 
transition of the ion when the perturbation frequency 
corresponds to the energy difference of the relevant states. 
The resonance of this kind has attracted much atten- 
tion [16,17] since the first proposal by Okorokov [18]. 
Recent progress achieved by using high energy beams of 
highly charged ions has shown the possibilities of appli- 
cation to high resolution spectroscopy and coherent con- 
trol of these ions in the X-ray region of keV or 10 18 Hz [19, 
20], the order of which is determined by the ion veloc- 
ity (~ 10 s m/s) and the lattice constant (~ 10 -10 m). 
The extension of the study on this kind of resonance, 
however, has been very limited [21]. 

We have recently reported on the resonance that has 
the same basic principles as resonant coherent excita- 
tion but occurs in a quite different energy range of neV 
or 10 5 Hz [22]: magnetic resonance between the Zee- 
man sublevels of Rb atoms having a typical velocity 
of u = 150 m/s in a periodic magnetic field (period: 
a = 1 mm). The resonance, called motion-induced reso- 
nance in that report, was observed in a thin cell contain- 
ing a Rb vapor. The Rb atoms with a Doppler-selected 
velocity were polarized and their magnetic resonance in 
the ground state was detected with a circularly polarized 
laser beam. The periodic magnetic field was applied with 
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a pair of arrays of parallel current-carrying wires sand- 
wiching the cell. In this paper we extend our study to 
the resonance that is induced by the temporal oscilla- 
tion of the periodic field together with the motion of 
the atoms through the field. This type of resonance can 
be viewed as "velocity-selective" or "Doppler-shifted" rf 
resonance. The physical processes of the resonance are 
easily understood in terms of the energy conservation 
of the system including the atomic internal and transla- 
tional states and the rf photons of the oscillating field. 
The resonance we have demonstrated has several unique 
features that the ordinary rf resonance does not have: 
a strong atom velocity dependence, a localized periodic 
field near the field source, and a large atomic momen- 
tum change originating from a small period of the field. 
These features become more prominent by making the 
field period smaller, which can be accomplished by such 
advancing technologies as surface nanofabrication and 
high-density magnetic recording. Together with rapidly 
progressing atom control and manipulation techniques 
near surfaces, e.g., atom chips [23] and quantum reflec- 
tion [24], our new approach of using periodic structures 
to induce resonance transitions of atoms will find unique 
applications to their spectroscopy and control, especially 
near surfaces. 

In this paper we first present a theoretical formal- 
ism to describe resonance induced by atomic motion in 
a spatially periodic field. Following a brief description of 
the experimental setup, we then show experimental re- 
sults for both static and temporally oscillating periodic 
fields. Observed resonance spectra are discussed, partic- 
ularly from the viewpoint of the energy conservation for 
the atomic internal and translational degrees of freedom 
and rf photons. Other formulations to describe motion- 
induced resonance are also mentioned in the appendix. 



Thus the atom experiences a field oscillating with a fre- 
quency of q\v\/(2n) = \v\ /a. When this frequency matches 
with the transition frequency of the states |1) and |2), 
namely, 

V21 = ^, (3) 

a resonance transition occurs as long as the field couples 
the two states. 

If the amplitude A also oscillates as A — A' cos(27r/ m i), 
the field the atom experiences is 



F = A' cos(2n f m t) cos(qvt) 
1 

~~ 2' 



A' {cos [2tt + / m ) t 



+ cos 



Hence the resonance condition is 

1*21 



a 



2* (H- /•»)«] }■ 

(4) 
(5) 



2.2 Quantum mechanical treatment 

The resonance condition and dynamics can be deduced 
more naturally and rigorously from a quantum mechani- 
cal description including the atomic translational motion 
as well as the atomic internal states. This treatment is es- 
pecially essential when the de Broglie wavelength is com- 
parable with the field period. The formalism described 
here follows a theory of atomic Bragg scattering from a 
standing wave light beam[25]. We set the Hamiltonian 
of the system to be 



H = Hn 



V. 



(6) 



Ho is the Hamiltonian describing the internal and trans- 
lational states of the atom: 



2 Formulation of resonance transitions of atoms 
moving in a periodic field 

2. 1 Simple derivation of the resonant condition by 
classically treating atomic motion 

We consider the simplest case that an atom with two 
internal levels, the ground state |1) and the excited state 
1 2), moves through a sinusoidal field with a period a in 
a one dimensional space. The energy splitting between 
|1) and 1 2} is hv 2 \ — hu} 2 i{> 0): h is Planck's constant 
and Ti — h/(2n). The field may be expressed as 



F = Acos(qx), 



(1) 



where q = 2n/a(> 0). If one treats the atomic motion 
classically and determines the position of the atom at 
time t to be x = vt, where v is the atom velocity (not 
necessary positive in general), the field at the atom po- 
sition is 

F = Acos(qvt). (2) 



Ho = hLu 2 i\2)(2\ + 



PL 

2m 



(7) 



where p and m are the momentum operator and the mass 
of the atom, respectively. V represents the interaction of 
the dipole moment d of the atom with the periodic field 
F: 

V = -dF = nn(\2)(l\ + |1)(2|) cos(qx). (8) 

Q is assumed to be real and positive. We represent an 
eigenstate of the Hamiltonian H as \j,k), where j(= 
1,2) denotes the internal state of the atom, and hk is 
the translational momentum of the atom. The matrix 
elements of the interaction Hamiltonian V in the \j, k) 
basis are 

nn 



0", k'\V\j, k) = — (for f j, k' = k±q), 



= 



(otherwise). 



(9) 



We now assume the initial state of the atom at the time 
t = is |1, fco). The wave function after evolving under 
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the Hamiltonian H may be written as, using the integer 

n, 

W»=e*p(-#) 

X ( C hn(t)\l, k a + nq) + C 2 ,„(t)|2, fc + nq)) . 

n 

(10) 

Note that the probability amplitudes are all zeros at t = 
except C\fi{t — 0) — 1, and 

C\ t n = (for n : odd), 

C-2,n = (for n : even). (11) 

Inserting this wave function into the Schrodinger equa- 
tion, we obtain 

dd. n . ( hk q fiq 2 2 \ 

- »y {C 2 ,n+1 + C 2 ,n-l) , (12) 

2,n . / . hk q hq 2 2 \ 
—f - = - i [uj 2 i H n + ^.n 

- (Ci,„+i + Ci, n _i) . (13) 



0G 



We here explicitly write several differential equations for 
the amplitudes with small \n\. 

<9Ci_2 .{2hk q 2hq 2 ' 



dt \ m 



Ci, 



2,-1 



- i-^ (C 2 ,_i + c 2 ,- 3 ) , 

dCy-i = _ i ( _ hkoq , W_ 
dt \ m 2m 

-t-g (Ci,o + Ci,_ 2 ), 

9Ci o . ^ „ > 

- 5r =-.2(G a ,i + G a ,_ 1 ) ) 



9< 



m 2m 



./2 



-i-2-(Ci l2 + Ci l0 ). 



(14) 

(15) 
(16) 

(17) 



We now consider the case that w 2 i — hkoq/m+Uq 2 /(2m) = 
0, namely, the coefficient of C 2i _i in the right hand side 
of Eq. (15) is zero. The above coupling equations are 
then reduced to 

— f- = i 2uj 21 - -L- Ci,_ 2 - i T (C 2 ,_i + C 2> _3 , 
dt \ m J 2 

(18) 
(19) 

(20) 
(21) 



-ar = _z 2 + Cl - 2) ' 

9Ci o M /ri „ . 
-^ = -.2(^.1 + ^,-1), 

^1 = _i ? 2W21 + ^ c 2>1 _ i£ (Cl>2 + Cli0 ) . 
at \ m 2 



As long as .!? is small enough compared to 2cj 21 ±hq 2 /m, 
which is the case in this experiment, a Rabi oscillation 
occurs between the states |l,fco) and \2,k — q) at an 
angular frequency of fl. We thus understand that the 
case we are now considering is the resonance condition 
for the transition between |1, fco) an d \2,k — q): 



W21 
2ir 



m 



(*-§) 



q_ 

2tt 



v 
a 



(22) 



where v is the atomic velocity averaged before and after 
the transition. 

It is worth mentioning that the resonance condition 
can be regarded as the conservation law of the total en- 
ergy, the internal energy plus the translational energy, 
of the atom before and after the transition. That is, 



h 2 k 2 



T1LO21 + 



h 2 (k -q) 2 



(23) 



2m 2m 

which indicates that the internal excitation occurs at the 
expense of the translational energy. 

Similarly, the resonance condition for the transition 
between |1, fco) and |2, k + q) is 



m V 2/ 



q_ 

2n 



v 
a' 



(24) 



These resonance conditions Eqs. (22) and (24) are re- 
duced to Eq. (3) when |fco| 3> q, which is fulfilled in this 
experiment. 



2. 3 Time-varying spatially periodic field 

When the periodic field oscillates at a frequency of f m 
in time, the interaction Hamiltonian may be represented 
as 

V rn = hf2{\2){\\ + |l)(2|)cos(gx)cos(27r/ ro i). (25) 

Following the above derivation, we will obtain that, as 
long as the rotating wave approximation is valid, the res- 
onance condition for the transition between |l,fco) an d 

|2,fc -q) is, 

11 

(26) 



V21 



-±f m . 

a 



From an energy conservation point of view, the change of 
the internal energy is compensated for by the change of 
the translational energy and the absorption or emission 
of a photon of energy hf m . 



3 Experiment 

The experimental setup was basically the same as that 
described in Ref. [22]. Figure 1(a) shows a schematic di- 
agram of the setup. An external cavity diode laser pro- 
vided a laser beam for the D 2 transition of Rb atoms. 
The laser frequency was locked to the saturation absorp- 
tion line of the F = 3 -> F' = 4 transition of 85 Rb. The 
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Fig. 1 (a) Schematic diagram of the experimental setup, (b) 
Drawing of the thin cell. The inside of the cell is indicated by 
the shaded region. The 10 times magnified image of a part of 
the cross section (inside the circle, side view) is also shown. 
The dimensions are in millimeters. 



frequency was then shifted with one or two acousto-optic 
(AO) modulators by up to 403 MHz, which corresponded 
to the Dopplcr shift of atoms whose velocity component 
parallel to the laser beam was 314 m/s. The laser beam 
was made circularly polarized with a quarter-wave (A/4) 
plate before entering a thin cell containing a Rb vapor. 
The cell, whose inner dimension was 50 x 10 x 0.2 mm, 
was fabricated as shown in Fig. 1(b). The laser beam 
was transmitted through the narrow gap of the cell, to 
which a periodic magnetic field was applied by sand- 
wiching the cell with two printed circuit boards (PCBs) 
having periodic current-carrying traces. The size of the 
periodic array was 100 x 30 mm, large enough to neglect 
edge effects. The produced field essentially had a com- 
ponent normal to the PCBs and its strength varied in 
a sinusoidal way (period: a = 1.00 mm) along the laser 
direction. The details of the produced field are explained 
in Rcf. [22] . The magnetic resonance within the Zeeman 
sublevels of the F = 3 ground state was detected with 
a photodiode (PD) by monitoring variation in the laser 
absorption in the cell as scanning a longitudinal mag- 
netic field applied parallel to the laser beam with a pair 
of Hclmholtz coils. The Zeeman splitting induced by the 
longitudinal magnetic field was 4.67 kHz per //T. We em- 
ployed a lock-in detection scheme by switching on and 
off the current producing the periodic field at 4 kHz. The 
cell, PCBs and coils were enclosed in a magnetic shield. 

4 Results and discussion 
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Fig. 2 (a) Resonance spectrum obtained for a laser detun- 
ing of 403 MHz and hence a selected velocity of 314 m/s. The 
resonance condition (Eq. (3)) is indicated by the dotted line. 
The right diagram schematically shows that the resonance 
transition is induced by atomic motion between the Zeeman 
sublevels whose splitting increases with increasing longitudi- 
nal magnetic field from left to right, (b) Resonance spectra 
obtained by oscillating the periodic field at frequency f m for 
atoms of velocity 314 m/s. The resonance conditions (Eq. (4)) 
are indicated by the dotted lines. The signal scales are the 
same for all the three figures. The right diagrams schemati- 
cally show that the resonance transitions are induced by the 
combination of atomic motion and field oscillation. From an 
energy conservation point of view, the transitions upward 
(downward) on the red solid arrows represent the decreases 
(increases) of the translational energy during the transitions, 
while on the blue dotted arrows indicating the absorptions 
(emissions) of rf photons. 



We first measured the resonance in a static periodic field. 
Figure 2(a) shows a resonance spectrum obtained for a 
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Laser detuning [MHz] 
100 200 300 400 




Selected velocity [m/s] 



Fig. 3 Zeeman splitting at which the resonance occurs for a 
static periodic field as a function of selected velocity. The 
right and top scales show the corresponding longitudinal 
magnetic field and laser detuning, respectively. The line rep- 
resents the resonant condition Eq. (3). Typical resonance 
spectra are shown in the insets. 



laser detuning of 403 MHz, namely, for a selected ve- 
locity of 314 m/s. The resonance should therefore occur 
at 314 kHz of Zeeman splitting, which was actually ob- 
served as seen in Fig. 2(a). The obtained resonance pro- 
file is well fitted by a Lorentzian function. It is worth- 
while to point out that, although the resonant profile is 
broadened by the power broadening due to the laser and 
periodic fields [22], the observed linewidth (half width 
at half maximum: 46 kHz) indicates the coherent in- 
teraction of atoms with about three periods of the si- 
nusoidal field, estimated similarly with the transit-time 
broadening [26]. This traveling length is 3 mm, much 
longer than the dimension of the narrow gap of the cell 
(0.2 mm). This is the effect of a velocity selection by the 
thin cell [27]. 

Figure 3 shows the relation between the resonance 
frequency and the selected velocity. The data were taken 
as changing the laser detuning. The figure clearly con- 
firms the resonance condition Eq. (3) in the investigated 
range of m/s to 314 m/s. 

We then oscillated the PCB current which produced 
the periodic magnetic field at a frequency of f m and var- 
ied the spatially periodic field in time as well. Obtained 
spectra are shown in Fig. 2(b) for a selected velocity 
of 314 m/s. The single resonance peak obtained for the 
static field, as shown in Fig. 2(a), splits into two peaks 
separated by 2/ m , as shown in the top graph of Fig. 2(b). 
The resonance frequencies are as predicted by Eq. (4). 
Spectra obtained for higher oscillation frequencies are 
shown in the middle and bottom graphs of Fig. 2(b). 
When f rn nearly equals to the resonance frequency for 



the static field, as in the case of the middle graph of 
Fig. 2(b), the resonance occurs also near zero Zeeman 
splitting. When the oscillation frequency is double the 
static field resonance frequency, almost the same spec- 
trum as in the static field is obtained (the bottom graph 
of Fig. 2(b)). These behaviors are in good agreement 
with the resonance condition Eq. (4). Note that in the 
middle graph of Fig. 2(b) the peak near kHz is much 
higher than the peak at 630 kHz. This is mainly be- 
cause only one of the two counterrotating terms in the 
interaction Hamiltonian contributes to the resonance at 
630 kHz (the rotating wave approximation), while both 
do near kHz. 

Spectroscopy by temporally oscillating the spatially 
periodic field may be regarded, on one hand, as the am- 
plitude modulation spectroscopy of motion-induced res- 
onance in the static periodic field. On the other hand, 
this resonance can be considered a unique rf resonance 
which is velocity-selective or Doppler-shifted; recall that 
the ordinary rf resonance spectroscopy in this frequency 
range does not usually consider the Doppler shift. An- 
other important point of view is the energy conservation, 
which is discussed in the following by taking Fig. 2(a) 
and the bottom graph of Fig. 2(b) as an example: Al- 
though they show similar resonance profiles, the physical 
processes of the resonance transition are different. In the 
case of Fig. 2(a), excitation (de-excitation) in the inter- 
nal state occurs by decreasing (increasing) the transla- 
tional energy as discussed in Sect. 2.2. In the case of the 
bottom graph of Fig. 2(b), excitation (de-excitation) oc- 
curs by absorbing (emitting) the rf photon energy and 
further increasing (decreasing) the translational energy, 
as discussed in Sect. 2.3. These relations are schemati- 
cally shown in the right diagrams of Fig. 2. 

These resonance processes may be used for cooling 
atoms; repeating the cycle of the excitation of the type 
Fig. 2(a) and the de-excitation of the type Fig. 2(b) bot- 
tom graph, for example, one can reduce the translational 
energy of the atom. The proof-of-principle demonstra- 
tion of this new cooling scheme will be a future subject. 

5 Conclusion 

In this paper we have reported resonance transitions be- 
tween the Zeeman sublevels of optically-polarized Rb 
atoms traveling through a spatially periodic magnetic 
field. The periodic field (period: 1 mm) was applied to 
a Rb vapor in a thin cell using a pair of printed circuit 
boards with periodic current-carrying traces printed. We 
measured resonance spectra as a function of atomic ve- 
locity, which was selected up to ~ 300 m/s using the 
Doppler effect of the pumping and detecting laser. The 
atomic motion induced the resonance when the Zeeman 
splitting frequency was equal to the atom velocity di- 
vided by the field period. Additional temporal oscillation 
of the spatially periodic field split a motion-induced res- 
onance peak into two by an amount of the oscillation 
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frequency. This resonance can be regarded as velocity- 
selective rf resonance, particularly at high oscillation fre- 
quencies. The energy budget of the resonance among the 
atomic internal energy, translational energy and the pho- 
ton energy of the oscillating field was discussed. These 
experimental results and discussion were supported by 
the formulation presented for describing of the resonance 
induced by atomic motion in a periodic field. Treating 
the atomic motion as a classical trajectory gave an intu- 
itive understanding of the resonance condition, while the 
quantum mechanical treatment naturally derived the en- 
ergy conservation relationship and was particularly im- 
portant when the change of the translational state was 
considered. 

Acknowledgements This work was supported by KAKENHI 
(Nos. 17684023 and 20684017) and Special Coordination Funds 
for Promoting Science and Technology from The Ministry of 
Education, Culture, Sports, Science and Technology. 

A Other formalisms to describe motion-induced 
resonance in a static periodic field 

This appendix briefly explains two other theoretical treat- 
ments of motion-induced resonance. 

A.l Dressed atom approach 

The quantum mechanical treatment of motion-induced 
resonance, described in Sect. 2.2, can be interpreted in 
terms of the dressed atom approach [28] , which is a pow- 
erful method to describe atom-photon interactions. The 
standard dressed atom approach considers the global 
Hamiltonian including the atomic internal state, pho- 
tons and atom photon interaction. In motion-induced 
resonance the photon energy term in the Hamiltonian is 
replaced by the translational energy of the atom. The 
eigenstates for the system without the interaction are 
\j, N) in the dressed atom approach, where N is the num- 
ber of the photons; for motion-induced resonance they 
are \j, ko+nq). The increase or decrease of N by one cor- 
responds to the emission or absorption of a photon with 
an energy of huj p (u) p : the frequency of photons) by the 
atom, while the increase or decrease of n by one is the 
increase or decrease of the translational momentum of 
the atom by Kqv. One may regard this discrete momen- 
tum and energy changes as the emission or absorption 
of "quantum" called Doppleron, which was introduced 
to describe the processes regarding the Doppler effect 
for atoms in the standing light wave [29]. Furthermore, 
in both cases, the interaction terms in the Hamiltonians 
have the matrix elements of the same form in the ba- 
sis of these eigenstates. In this context, motion-induced 
resonance can be formally treated in the same way as 
the dressed atom approach. It is actually very useful to 
treat a certain type of problem in this way [20]. 



A. 2 General inertial frame of reference 

In this paper we have discussed the resonance processes 
in the frame to which the periodic field is fixed. We off 
course can adopt a general inertial frame of reference. 
The new Hamiltonian includes the source of the periodic 
field (such as the printed circuit boards in the present 
experiment) as 

*o = ^i|2><2| + |U^, 
V = hn(\2)(l\ + |1)(2|)cos[«(jc - X)], (27) 

where P, M, X is the translational momentum operator, 
mass, and the position operator for the source of the 
periodic field, respectively. Here the source of the field 
has been assumed to move freely. The eigenstates for 
H now also include the momentum of the source of the 
field. The following discussion is very similar to that for 
the field rest frame. It is interesting to point out that 
it is easy to show that, in the atom rest frame (strictly 
speaking, before the transition) , the atomic internal ex- 
citation occurs at the expense of the translational energy 
of the source of the periodic field. 
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